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Three decades ago, heavy-flavor-conserving (HFC) weak decays of heavy baryons such as ΞQ → ΛQπ
and ΩQ → ΞQπ for Q ¼ c, b had been studied within the framework that incorporates both heavy quark
and chiral symmetries. It was pointed out that if the heavy quark in the HFC process behaves as a spectator,
then the P-wave amplitude of B3̄ → B3̄ þ π, with B3̄ being an antitriplet heavy baryon, will vanish in the
heavy quark limit. Indeed, this is the case for Ξb → Λbπ decays. For Ξc → Λcπ decays, they receive
additional nonspectator contributions arising from the W-exchange diagrams through the cs → dc
transition. Spectator and nonspectator W-exchange contributions to the S-wave amplitude of Ξc →
Λcπ are destructive, rendering the S-wave contribution even smaller. However, the nonspectator effect on
the P-wave amplitude was overlooked in all the previous model calculations until a very recent
investigation within the framework of a constituent quark model in which the parity-conserving pole
terms were found to be dominant in Ξc → Λcπ decays. Since the pion produced in the HFC process is soft,
we apply current algebra to study both S- and P-wave amplitudes and employ the bag and diquark models
to estimate the matrix elements of four-quark operators. We confirm that Ξc → Λcπ decays are indeed
dominated by the parity-conserving transition induced from nonspectatorW-exchange and that they receive
largest contributions from the intermediate Σc pole terms. We also show that the S-wave of Ωb → Ξbπ
decays vanishes in the heavy quark limit, whileΩc → Ξcπ receive additionalW-exchange contributions via
cs → dc transition. The P-wave contribution to Ωc → Ξcπ is enhanced by the Ξ0

c pole, though it is not so
dramatic as in the case of Ξc → Λcπ. The asymmetry parameter α is found to be positive, of order 0.70 and
0.74 for Ξ0

c → Λþ
c π

− and Ξþ
c → Λþ

c π
0, respectively. The predicted branching fraction is of order 5 × 10−4

for Ω0
c → Ξþ

c π
− and 3 × 10−4 for Ω0

c → Ξ0
cπ

0 both with the asymmetry parameter close to −1.

DOI: 10.1103/PhysRevD.105.094011

I. INTRODUCTION

Thirty years ago, heavy-flavor-conserving (HFC) weak
decays of heavy baryons such as the singly Cabibbo-sup-
pressed decays ΞQ → ΛQπ and ΩQ → ΞQπ for Q ¼ c, b
were first studied in Ref. [1] within the framework that
incorporates both heavy quark and chiral symmetries [2,3].
Since then, these HFC decays have been studied in [4–13].
Unlike hadronic weak decays of heavy mesons, a rigorous
and reliable approach for describing the nonleptonic
decays of heavy baryons does not exist. Nevertheless, there
is a special class of weak decays of heavy baryons that
can be studied in a more trustworthy way; namely,
HFC nonleptonic decays. In general, the evaluation of

nonfactorizable contributions to heavy baryon decays Bi →
Bf þ P decays often relies on the pole model in which one
considers the contributions from all possible intermediate
states. In common practice, the S-wave amplitude is domi-
nated by the low-lying 1=2− resonances while the P-wave
one governed by the ground-state 1=2þ poles. However, the
calculation of S-wave amplitudes is far more difficult than
the P-wave ones owing to the troublesome negative-parity
baryon resonances which are not well understood in the
quark model. It is well known that in the soft-pion limit, the
PV (parity-violating) amplitude is reduced to a simple
commutator term expressed in terms of PC (parity-conserv-
ing) matrix elements. Since the emitted light mesons are soft
in nonleptonic HFC decays, the nonfactorizable S-wave
amplitude can be evaluated reliably using current algebra.
Therefore, one of the great advantages of this special class of
weak decays is that the evaluation of the PV S-wave
amplitude does not require the information of the nega-
tive-parity 1=2− poles.
As for the P-wave amplitude, if only the light quarks

inside the heavy baryon participate in weak interactions and
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the heavy quark behaves as a “spectator”, then the P-wave
amplitude will vanish in the heavy quark limit. The argu-
ment goes as follows. In the heavy quark limit, the diquark
of the antitriplet heavy baryon B3̄ is a scalar one with
JP ¼ 0þ. If only the light quarks involve in weak inter-
actions, the weak diquark transition will be 0þ → 0þ þ 0−

for B3̄ → B3̄ þ P. Based on the conservation of angular
momentum, it is easily seen that the parity-conserving P-
wave amplitude vanishes. Hence, the P-wave amplitude of
the B3̄ → B3̄ þ P decay vanishes in the heavy quark limit
provided that the heavy quark acts as a spectator [1].
Indeed, this is the case for Ξb → Λbπ decays. This is the
second major advantage for the study of HFC decays.
However, both charm-flavor-conserving decays Ξc →

Λþ
c π and Ωc → Ξcπ receive additional contributions from

the W-exchange diagrams via cs → dc transition.
Although the charm flavor is still conserved in those
modes, P-wave will not diminish in the heavy quark limit
because of the nonspectator W-exchange contributions.
LHCb has measured the b-flavor-conserving and

strangeness-changing weak decay Ξ−
b → Λ0

bπ
− [14]. The

relative rate was measured to be

fΞ−
b

fΛ0
b

BðΞ−
b → Λ0

bπ
−Þ ¼ ð5.7� 1.8þ0.8

−0.9Þ × 10−4; ð1:1Þ

where fΞ−
b
and fΛ0

b
are b → Ξ−

b and b → Λ0
b fragmentation

fractions, respectively. Assuming fΞ−
b
=fΛ0

b
in the range

between 0.1 and 0.3, based on the measured production
rates of other strange particles relative to their nonstrange
counterparts [14], the branching fraction of Ξ−

b → Λ0
bπ

−

will lie in the range

BðΞ−
b →Λ0

bπ
−Þ¼ ð0.57�0.21Þ∼ ð0.19�0.07Þ%: ð1:2Þ

The charm-flavor-conserving decay Ξ0
c → Λþ

c π
− first advo-

cated and studied in 1992 [1] was finally measured by the
LHCb in 2021 with a surprisingly large branching fraction
of ð0.55� 0.02� 0.18Þ% [15].
As we shall see below in Table III, all the previous

studies of charm-flavor-conserving weak decays before
2021 have neglected P-wave contributions. The largest
branching fraction BðΞ0

c→Λþ
c π

−Þ¼ð1.34�0.53Þ×10−3

was obtained in Ref. [10], assuming a constructive inter-
ference between the W-exchange S-wave amplitudes
induced by su → ud and cs → dc transitions. However,
as pointed out in [8], the interference should be destructive.
Thus the predicted branching fraction will be of order
ð1 ∼ 3Þ × 10−4 which is too small compared to the LHCb
measurement. This issue was finally resolved last year. It
was pointed out in Refs. [12,13] that the P-wave amplitude
induced through cs → dc W-exchange was overlooked in
all the previousmodel calculations. It turns out that owing to
the small mass difference between Ξc and the intermediate

Σc pole, PC amplitudes are one to two orders of magnitude
larger than the PVones [12]. That is,Ξc → Λþ

c π receives the
largest contributions from the Σc pole terms.
The study of HFC decays in Ref. [12] was performed in

the nonrelativistic constituent quark model. The calculation
is rather complicated and tedious. For example, the S-wave
is evaluated by taking into account various negative-parity
heavy baryon resonances. In this work we shall rely on the
fact that the pion’s momentum is 104 MeV and 116 MeV,
respectively, in Ξb → Λ0

bπ and Ξc → Λþ
c π decays, so it is

thus legitimate to apply for the soft-pion theorem to both S-
and P-wave amplitudes. We then employ the MIT bag
model and the diquark model to evaluate the matrix
elements of four-quark operators. The goal is to see if
the HFC Ξc → Λcπ decays are indeed dominated by the
PC terms.
In the heavy quark limit, the weak diquark transition

responsible for HFC ΩQ → ΞQπ decays is 1þ → 0þ þ 0−.
As a consequence, the factorizable contribution to Ωb →
Ξbπ is purely a P-wave, in contrast to the case of
Ξb → Λbπ. In the charm sector, nonspectator W-exchange
contributes toΩc → Ξcπ and the Ξ0

c pole will give rise to an
enhancement to the P-wave amplitude, though its effect is
not as dramatic as in the case of Ξc → Λcπ.
This work is organized as follows. In Secs. II and III we

study S- and P-wave amplitudes, respectively, for HFC
decays of heavy baryons. Some model calculations are
presented in Sec. IV followed by some discussions in
Sec. V. Section VI gives our conclusion.

II. PARITY-VIOLATING S-WAVE AMPLITUDES

The relevant effective ΔS ¼ 1 weak Hamiltonian for
HFC weak decays reads

Heff ¼
GFffiffiffi
2

p V�
udVusðc1O1 þ c2O2Þ þ H:c:; ð2:1Þ

and the four-quark operators are given by

O1 ¼ ðd̄uÞðūsÞ; O2 ¼ ðd̄sÞðūuÞ; ð2:2Þ

with ðq̄1q2Þ≡ q̄1γμð1 − γ5Þq2. The Wilson coefficients to
the leading order are given by c1 ¼ 1.336 and c2 ¼ −0.621
obtained at the scale μ ¼ mc with Λð4Þ

MS
¼ 325 MeV and

c1 ¼ 1.139 and c2 ¼ −0.307 at the scale μ ¼ m̄bðmbÞ with
Λð5Þ
MS

¼ 225 MeV [16]. As pointed out in [5], there is an
additional nonspectatorW-exchange contribution to heavy-
flavor-conserving decays of charmed baryons governed by

HðcÞ
eff ¼

GFffiffiffi
2

p V�
cdVcsðc1Õ1 þ c2Õ2Þ þ H:c:; ð2:3Þ

with Õ1 ¼ ðd̄cÞðc̄sÞ and Õ2 ¼ ðc̄cÞðd̄sÞ.
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The general amplitude for Bi → Bf þ P reads

MðBi → Bf þ PÞ ¼ iūfðA − Bγ5Þui; ð2:4Þ

where A and B are the S- and P-wave amplitudes,
respectively. Each amplitude consists of factorizable and
nonfactorizable ones

A ¼ Afact þ Anf ; B ¼ Bfact þ Bnf : ð2:5Þ

While the factorizable amplitude vanishes in the soft meson
limit, the nonfactorizable one is not. We shall study the PV
S-wave amplitude first.
The factorizable contributions are given by

hπ−Λþ
c jHeff jΞ0

cifac

¼ GFffiffiffi
2

p V�
udVusa1hπ−jðd̄uÞj0ihΛþ

c jðūsÞjΞ0
ci;

hπ0Λþ
c jHeff jΞþ

c ifac

¼ GFffiffiffi
2

p V�
udVusa2hπ0jðūuÞj0ihΛþ

c jðd̄sÞjΞþ
c i; ð2:6Þ

with

a1 ¼ c1 þ
c2
Nc

; a2 ¼ c2 þ
c1
Nc

; ð2:7Þ

In terms of the form factors defined by

hΛþ
c jðūsÞjΞ0

ci ¼ ūΛc
½fΛcΞc

1 ðq2Þγμ þ fΛcΞc
2 ðq2Þiσμνqν

þ fΛcΞc
3 ðq2Þqμ − gΛcΞc

1 ðq2Þγμγ5
− gΛcΞc

2 ðq2Þiσμνqνγ5
− gΛcΞc

3 ðq2Þqμγ5�uΞc
; ð2:8Þ

and hπ−ðqÞjAμj0i ¼ ifπqμ,
1 we obtain

hπ−Λþ
c jHeff jΞ0

cifac

¼ −i
GFffiffiffi
2

p V�
udVusa1fπūΛc

½ðmΞc
−mΛc

ÞfΛcΞc
1 ðm2

πÞ

þ ðmΞc
þmΛc

ÞgΛcΞc
1 ðm2

πÞγ5�uΞc
: ð2:9Þ

Hence,

AðΞ0
c → Λþ

c π
−Þfac

¼ −
GFffiffiffi
2

p V�
udVusa1fπðmΞc

−mΛc
ÞfΛþ

c Ξ0
c

1 ðm2
πÞ;

AðΞþ
c → Λþ

c π
0Þfac

¼ −
GF

2
V�
udVusa2fπðmΞc

−mΛc
ÞfΛþ

c Ξþ
c

1 ðm2
πÞ: ð2:10Þ

Nonfactorizable contributions arise from theW-exchange
diagrams to be shown below. One popular approach for
evaluating the W-exchange ampitudes is to consider the
contributions fromall possible intermediate states, including
resonances and continuum states. In practice, one usually
focuses on the most important poles such as the low-lying
1=2þ and 1=2− states. More specifically, the S-wave
amplitude is dominated by the low-lying 1=2− resonances
and theP-wave one governed by the ground-state poles. The
nonfactorizable S- and P-wave amplitudes for the process
Bi → Bf þM are then given by [18]

Apole ¼ −
X

B�
nð1=2−Þ

�
gBfBn�Mbn�i
mi −mn�

þ bfn�gBn�BiM

mf −mn�

�
þ � � � ;

Bpole ¼ −
X
Bn

�
gBfBnMani
mi −mn

þ afngBnBiM

mf −mn

�
þ � � � ; ð2:11Þ

respectively. Ellipses in the above equation denote other
pole contributions which are negligible for our purposes,
and the baryon-baryon matrix elements are defined by [18]

hBijHeff jBji ¼ ūiðaij þ bijγ5Þuj;
hB�

i ð1=2−ÞjHpv
eff jBii ¼ bi�jūiuj: ð2:12Þ

In Ref. [12] the nonfactorizable S-wave amplitude was
evaluated by considering the first orbital excited sextet states
Σ0;þ
c , Ξ0þ

c and the antitriplet states Λþ
c and Ξþ

c with the
quantum number 1=2− for Ξc → Λþ

c π. However, the calcu-
lation is inevitably rather complicated and the uncertainties
are large because the excited negative-parity states are far
from beingwell established. In view of the soft pion nature in
HFC decays, the tedious S-wave calculation can be greatly
simplified.Applying theGoldberger-Treiman relation for the
strong coupling B0BP and its generalization for B�BP

gB0BPa ¼
ffiffiffi
2

p

fPa
ðmB0 þmBÞgAB0B;

gB�BPa ¼
ffiffiffi
2

p

fPa
ðmB� −mBÞgAB�B; ð2:13Þ

to Eq. (2.11), then in the soft-meson limit, the intermediate
excited 1=2− states can be summed up and reduced to a
commutator term (see e.g., the derivation in Ref. [19]); that
is, Apole → Acom in the soft-meson limit with

1We follow the PDG convention h0jAμjPðqÞi ¼ ifPqμ [17].
A charge conjugate of h0jūγμγ5djπþðqÞi ¼ ifπqμ leads to
hπ−ð−qÞjd̄γμγ5uj0i ¼ −ifπqμ and hence hπ−ðqÞjAμj0i ¼ ifπqμ.
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Acom ¼ −
ffiffiffi
2

p

fPa
hBfj½Qa

5;H
pv
eff �jBii

¼ −
ffiffiffi
2

p

fPa
hBfj½Qa;Hpc

eff �jBii ð2:14Þ

and

Qa¼
Z

d3 xq̄γ0
λa

2
q; Qa

5 ¼
Z

d3xq̄γ0γ5
λa

2
q: ð2:15Þ

The above expression for Acom is precisely the well known
soft-pion theorem in the current algebra approach. That is,
in the soft-pseudoscalar-meson limit, the PV amplitude is
reduced to a simple commutator term expressed in terms of
PC matrix elements.
Applying the soft pion theorem, we have the following

nonfactorizable S-wave amplitude for Ξ0
c → Λþ

c π
−

AðΞ0
c → Λþ

c π
−Þnf ¼ −

1

fπ
hΛþ

c j½Iþ;Heff þHðcÞ
eff �jΞ0

ci

¼ 1

fπ
hΛþ

c jHeff jΞþ
c i þ

1

fπ
hΛþ

c jHðcÞ
eff jΞþ

c i;

≡ Anf
su→ud þ Anf

cs→cd; ð2:16Þ

where Iþ is the isopsin ladder operator with Iþjdi ¼ jui.
The above equation describes the W-exchange contribu-
tions through the su → ud and cs → dc transitions, respec-
tively. It is straightforward to show that

Anf
su→ud

Anf
cs→cd

�
¼ GF

2
ffiffiffi
2

p
fπ

V�
udVusðc1 − c2Þ

�
X

−Y;
ð2:17Þ

with

X ≡ hΛþ
c jðd̄uÞðūsÞ − ðūuÞðd̄sÞjΞþ

c i;
Y ≡ hΛþ

c jðd̄cÞðs̄cÞ − ðc̄cÞðd̄sÞjΞþ
c i: ð2:18Þ

To derive Eq. (2.17), we have employed the fact that
the operator O1 �O2 is symmetric (antisymmetric) in
color indices, so that only O1 −O2 contributes to
the baryon-baryon matrix element. The minus sign in
front of Y in Eq. (2.17) comes the relation for the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements
V�
cdVcs ¼ −V�

udVus to a very good approximation. The
final expression [8]

AðΞ0
c → Λþ

c π
−Þ

¼ Afac þ Anf
su→ud þ Anf

sc→cd

¼ GFffiffiffi
2

p
fπ

V�
udVus

�
−a1f2πðmΞc

−mΛc
ÞfΛþ

c Ξ0
c

1 ðm2
πÞ

þ 1

2
ðc1 − c2ÞðX − YÞ

�
; ð2:19Þ

is quite general and model independent. The remaining task
is to evaluate the matrix elements X and Y. For given flavor
wave functions of Λc and Ξc (see Refs. [19,20] for our
convention), the relative signs between various terms
are fixed.
For completeness, the other S-wave amplitudes of HFC

decays of Ξþ
c and Ξ−;0

b read

AðΞþ
c → Λþ

c π
0Þ ¼ GF

2fπ
V�
udVus

�
−a2f2πðmΞc

−mΛc
ÞfΛþ

c Ξþ
c

1 ðm2
πÞ þ

1

2
ðc1 − c2ÞðX − YÞ

�
;

AðΞ−
b → Λ0

bπ
−Þ ¼ GFffiffiffi

2
p

fπ
V�
udVus

�
−a1f2πðmΞb

−mΛb
ÞfΛ0

bΞ
−
b

1 ðm2
πÞ þ

1

2
ðc1 − c2ÞX

�
;

AðΞ0
b → Λ0

bπ
0Þ ¼ GF

2fπ
V�
udVus

�
−a2f2πðmΞb

−mΛb
ÞfΛ0

bΞ
0
b

1 ðm2
πÞ þ

1

2
ðc1 − c2ÞX

�
: ð2:20Þ

Note that c1;2 and a1;2 are evaluated at the scale μ ¼ mc and
m̄ðmbÞ for Ξc and Ξb, respectively.
For ΩQ with Q ¼ c, b, its diquark is an axial-vector

one with JP ¼ 1þ. Therefore, if the heavy quarkQ behaves
as a spectator, the weak diquark transition of the HFC
decayΩQ → Ξ0

Qπ will be 1þ → 1þ þ 0−. Then both S- and
P-wave transitions receive factorizable contributions
as pointed out in [1]. However, ΩQ → Ξ0

Qπ are not

kinematically allowed for both Q ¼ c and b. For ΩQ →
ΞQπ decays, the diquark transition is 1þ → 0þ þ 0−. This
implies that contrary to ΞQ → ΛQπ decays with the
diquark weak transition 0þ → 0þ þ 0−, the S-wave van-
ishes in the heavy quark limit provided that the heavy quark
does not participate in weak interactions. To see this
explicitly we write down the PV amplitude

HAI-YANG CHENG and FANRONG XU PHYS. REV. D 105, 094011 (2022)

094011-4



AðΩ0
c →Ξþ

c π
−Þ¼−

GFffiffiffi
2

p V�
udVusa1fπðmΩc

−mΞc
ÞfΞþ

c Ω0
c

1 ðm2
πÞ

−
1

fπ
hΞ0

cjHeff þHðcÞ
eff jΩ0

ci;

AðΩ0
c →Ξ0

cπ
0Þ¼−

GF

2
V�
udVusa2fπðmΩc

−mΞc
ÞfΞ0

cΩ0
c

1 ðm2
πÞ

þ 1ffiffiffi
2

p
fπ

hΞ0
cjHeff þHðcÞ

eff jΩ0
ci: ð2:21Þ

In the bag model, the form factor fΞ
þ
c Ω0

c
1 (fΞ

0
cΩ0

c
1 ) is propor-

tional to hΞþ
c jb†ubsjΩ0

ci (hΞ0
cjb†dbsjΩ0

ci), which vanishes
after applying the charmed baryon flavor wave functions
given in Ref. [19]. As shown in Ref. [1], the combined
heavy quark and chiral symmetries severely restrict the
weak transitions allowed. It turns out that B3̄ − B6 weak
transition via the weak HamiltonianHeff is prohibited in the
heavy quark limit, namely,

hB3̄jHeff jB6i ¼ 0; ð2:22Þ

where B6 denotes the sextet heavy baryon. Hence,

AðΩ0
c → Ξþ

c π
−Þ ¼ −

1

fπ
aΞ0

cΩ0
c
;

AðΩ0
c → Ξ0

cπ
0Þ ¼ 1ffiffiffi

2
p

fπ
aΞ0

cΩ0
c
; ð2:23Þ

with aΞ0
cΩ0

c
¼ hΞ0

cjHðcÞ
eff jΩ0

ci. Obviously, the S-wave contri-
bution vanishes in the case of Ω−

b → Ξbπ decays.

III. PARITY-CONSERVING
P-WAVE AMPLITUDES

We next turn to the PC amplitude. The factorizable
P-wave reads from Eq. (2.9) to be

BðΞ0
c → Λþ

c π
−Þfac

¼ GFffiffiffi
2

p V�
udVusa1fπðmΞc

þmΛc
ÞgΛcΞc

1 ðm2
πÞ: ð3:1Þ

The form factor gΛcΞc
1 vanishes in the heavy quark limit, as

inferred from Eq. (3.26) of Ref. [2].
As for the nonfactorizable P-wave amplitude, we notice

that the diquark of B3̄ is a scalar one with JP ¼ 0þ in the
heavy quark limit. It was first pointed out in [1] that if the
heavy quark behaves as a spectator, the weak diquark
transition 0þ → 0þ þ 0− for B3̄ → B3̄ þ P is not allowed
for the P-wave amplitude owing to the conservation of
angular momentum. Hence, P-wave vanishes in the sym-
metry limit. To see this in the realistic calculation, we apply
the first Goldberger-Treiman relation in Eq. (2.13) to
Eq. (2.11) to get

Bpole ¼ −
ffiffiffi
2

p

fPa

X
Bn

�
gABfBn

mf þmn

mi −mn
ani þ afn

mi þmn

mf −mn
gABnBi

�
:

ð3:2Þ

Taking the decay Ξ−
b → Λ0

bπ
− as an illustration, we see

from Fig. 1(b) that the relevant poles Bn are Ξ0
b and Ξ00

b.
Likewise, the intermediate poles are Σ0

b;Λ0
b;Ξ0

b and Ξ00
b for

the decay Ξ0
b → Λ0

bπ
0 (see Fig. 2). Hence,

(a) (b)

FIG. 1. The W-exchange diagram for the HFC decay Ξ−
b → Λ0

bπ
− and the corresponding pole diagram.

(a) (b) (c)

FIG. 2. W-exchange diagrams for the HFC decay Ξ0
b → Λ0

bπ
0.
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BðΞ−
b → Λ0

bπ
−Þpole ¼ −

1

fπ

�
aΛ0

bΞ
0
b

mΞ−
b
þmΞ0

b

mΛ0
b
−mΞ0

b

gAðπ
−Þ

Ξ0
bΞ

−
b
þ aΛ0

bΞ
00
b

mΞ−
b
þmΞ00

b

mΛ0
b
−mΞ00

b

gAðπ
−Þ

Ξ00
bΞ

−
b

�
;

BðΞ0
b → Λ0

bπ
0Þpole ¼ −

ffiffiffi
2

p

fπ

�
gAðπ

0Þ
Λ0
bΣ

0
b

mΛ0
b
þmΣ0

b

mΞ0
b
−mΣ0

b

aΣ0
bΞ

0
b
þ gAðπ

0Þ
Λ0
bΛ

0
b

2mΛ0
b

mΞ0
b
−mΛ0

b

aΛ0
bΞ

0
b

þ aΛ0
bΞ

0
b

2mΞ0
b

mΛ0
b
−mΞ0

b

gAðπ
0Þ

Ξ0
bΞ

0
b
þ aΛ0

bΞ
00
b

mΞ0
b
þmΞ00

b

mΛ0
b
−mΞ00

b

gAðπ
0Þ

Ξ00
bΞ

0
b

�
; ð3:3Þ

with

aΣ0
bΞ

0
b
¼ hΣ0

bjHeff jΞ0
bi; aΛ0

bΞ
0
b
¼ hΛ0

bjHeff jΞ0
bi;

aΛ0
bΞ

00
b
¼ hΛ0

bjHeff jΞ00
bi: ð3:4Þ

The matrix elements aΣ0
bΞ

0
b
and aΛ0

bΞ
00
b
vanish because of

Eq. (2.22). Moreover, the axial-vector form factors gAðπ
−Þ

Ξ0
bΞ

−
b
,

gAðπ
0Þ

Ξ0
bΞ

0
b
and gAðπ

0Þ
Λ0
bΛ

0
b
also vanish in the limit of heavy quark

symmetry. It had been shown in Ref. [2] that the chiral
Lagrangian TrðB̄3̄γμγ5A

μB3̄Þ vanishes in the heavy quark
limit within the framework in which heavy quark symmetry
and chiral symemtry are synthesized. This is a statement
that the pion is emitted from the light quark and the

transition of the diquark 0þ → 0þ þ π is not permitted as it
does not conserve parity. Hence, the B3̄B3̄π coupling
vanishes and so does the form factor gAB3̄B3̄

in the limit
of heavy quark symmetry. This symmetry is also respected
in the quark model because the spin operator at the weak
vertex is prohibited.
Consequently, there is no any P-wave contributions

to the HFC decays of Ξb. By the same token, nonfactor-
izable P-wave amplitudes in Ξc → Λþ

c π decays receive
zero contributions from the W-exchange through
su → ud transition. Referring to Figs. 3 and 4, this means
that Figs. 3(a), 3(c), 3(d), and 4(a) do not contribute
to the P-wave amplitudes. Nevertheless, as stressed in
Refs. [12,13], the nonspectator W-exchange through the
cs → dc process will contribute to the PC amplitude.
Explicitly,

(a) (b)

(c) (d)

(e) (f)

FIG. 3. W-exchange diagrams for the HFC decay Ξþ
c → Λþ

c π
0.
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BðΞ0
c → Λþ

c π
−Þpole ¼ −

1

fπ

�
gAðπ

−Þ
Λþ
c Σ0

c

mΛþ
c
þmΣ0

c

mΞ0
c
−mΣ0

c

aΣ0
cΞ0

c
þ aΛþ

c Ξ0þ
c

mΞ0
c
þmΞ0þ

c

mΛþ
c
−mΞ0þ

c

gAðπ
−Þ

Ξ0þ
c Ξ0

c

�
;

BðΞþ
c → Λþ

c π
0Þpole ¼ −

ffiffiffi
2

p

fπ

�
gAðπ

0Þ
Λþ
c Σþ

c

mΛþ
c
þmΣþ

c

mΞþ
c
−mΣþ

c

aΣþ
c Ξþ

c
þ aΛþ

c Ξ0þ
c

mΞþ
c
þmΞ0þ

c

mΛþ
c
−mΞ0þ

c

gAðπ
0Þ

Ξ0þ
c Ξþ

c

�
; ð3:5Þ

with

aΣ0ðþÞ
c Ξ0ðþÞ

c
¼ hΣ0ðþÞ

c jHðcÞ
eff jΞ0ðþÞ

c i;
aΛþ

c Ξ0þ
c
¼ hΛþ

c jHðcÞ
eff jΞ0þ

c i: ð3:6Þ

Since the masses of Ξc and Σc are very close, of order
16 MeV, it is obvious that the small mass difference
between Ξc and the Σc pole gives rise to ðmΛþ

c
þmΣþ

c
Þ=

ðmΞþ
c
−mΣþ

c
Þ ¼ 315 and ðmΛþ

c
þmΣ0

c
Þ=ðmΞ0

c
−mΣ0

c
Þ¼276,

which in turn lead to a strong enhancement of the P-wave
pole amplitude [12,13].
As noticed in passing, contrary to ΞQ → ΛQπ decays,

ΩQ → ΞQπ do receive factorizable P-wave contributions as
they are allowed by the diquark transition 1þ → 0þ þ 0−.
Moreover, Ωc → Ξcπ receive additional pole contributions
from Fig. 5. Explicitly,

BðΩ0
c → Ξþ

c π
−Þ ¼ GFffiffiffi

2
p V�

udVusa1fπðmΩc
þmΞc

ÞgΞþ
c Ω0

c
1 ðm2

πÞ

−
1

fπ
gAðπ

−Þ
Ξþ
c Ξ00

c

mΞþ
c
þmΞ00

c

mΩ0
c
−mΞ00

c

aΞ00
cΩ0

c
;

BðΩ0
c → Ξ0

cπ
0Þ ¼ GF

2
V�
udVusa2fπðmΩc

þmΞc
ÞgΞ0

cΩ0
c

1 ðm2
πÞ

−
ffiffiffi
2

p

fπ
gAðπ

0Þ
Ξ0
cΞ00

c

mΞ0
c
þmΞ00

c

mΩ0
c
−mΞ00

c

aΞ00
cΩ0

c
;

BðΩ−
b → Ξ0

bπ
−Þ ¼ GFffiffiffi

2
p V�

udVusa1fπðmΩb
þmΞb

ÞgΞ0
bΩ

−
b

1 ðm2
πÞ;

BðΩ−
b → Ξ−

bπ
0Þ ¼ GF

2
V�
udVusa2fπðmΩb

þmΞb
ÞgΞ−

bΩ
−
b

1 ðm2
πÞ;

ð3:7Þ

with aΞ00
cΩ0

c
¼ hΞ00

cjHðcÞ
eff jΩ0

ci, where we have dropped the

contributions from the Ξc pole as the form factor gAðπÞΞcΞc

vanishes.

(a) (b)

(c) (d)

FIG. 4. W-exchange diagrams for the HFC decay Ξ0
c → Λþ

c π
−.

(a) (b)

FIG. 5. W-exchange diagrams for the HFC decays: (a) Ω0
c → Ξþ

c π
− and (b) Ω0

c → Ξ0
cπ

0.
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IV. MODEL CALCULATIONS

To evaluate the nonfactorizable amplitudes we need to
know the baryon matrix elements and the axial-vector
form factor at q2 ¼ 0, namely, gAB0B. There are seven four-
quark matrix elements need to be evaluated, namely,

hΛþ
c jHeff jΞþ

c i, hΛþ
c jHðcÞ

eff jΞþ
c i (or X and Y defined in

Eq. (2.18)), aΣ0ðþÞ
c Ξ0ðþÞ

c
, aΛþ

c Ξ0þ
c
, aΞ0

cΩ0
c
and aΞ00

cΩ0
c
. We first

consider the evaluation based on the MIT bag model [21]
(for details, see the Appendixes in Refs. [8,19,20]). We
obtain

X ¼ 32πX2; Y ¼ 8πðY1 þ Y2Þ; ð4:1Þ

and

aΣþ
c Ξþ

c
¼ 1ffiffiffi

2
p aΣ0

cΞ0
c
¼−aΛþ

c Ξ0þ
c

¼ GF

2
ffiffiffi
2

p V�
cdVcsðc1−c2Þ

2ffiffiffi
3

p ð−Y1þ3Y2Þð4πÞ; ð4:2Þ

with the bag integrals

X2 ¼
Z

R

0

r2drðuduu þ vdvuÞðusuu þ vsvuÞ;

Y1 ¼
Z

R

0

r2drðudvc − vducÞðusvc − vsucÞ;

Y2 ¼
Z

R

0

r2drðuduc þ vdvcÞðusuc þ vsvcÞ; ð4:3Þ

where uðrÞ and vðrÞ are the large and small components of
the quark wave function, respectively. For the matrix
elements relevant to Ω0

c, we find

aΞ0
cΩ0

c
¼ GF

2
ffiffiffi
2

p V�
cdVcsðc1−c2Þ2

ffiffiffi
2

3

r
ðY1−3Y2Þð4πÞ;

aΞ00
cΩ0

c
¼−

GF

2
ffiffiffi
2

p V�
cdVcsðc1−c2Þ

2
ffiffiffi
2

p

3
ðY1þ9Y2Þð4πÞ: ð4:4Þ

In the bag model the form factors at the maximal recoil
q2 ¼ 0 have the expressions [1]

f
Λ0
bΞ

−
b

1 ¼ fΛ
þ
c Ξ0

c
1 ¼ hΛþ

c jb†ubsjΞ0
ci
Z

d3rðuuus þ vuvsÞ

¼ 4πZ3;

f
Λ0
bΞ

0
b

1 ¼ fΛ
þ
c Ξþ

c
1 ¼ hΛþ

c jb†dbsjΞþ
c i

Z
d3rðudus þ vdvsÞ

¼ −4πZ3; ð4:5Þ

and

g
Ξ0
bΩ

−
b

1 ¼ gΞ
þ
c Ω0

c
1 ¼ hΞþ

c jb†ubsσzjΩ0
ci
Z

d3r

�
uuus −

1

3
vuvs

�

¼ −
ffiffiffi
2

3

r
ð4πZ2Þ;

g
Ξ−
bΩ

−
b

1 ¼ gΞ
0
cΩ0

c
1 ¼ hΞ0

cjb†dbsσzjΩ0
ci
Z

d3r

�
udus −

1

3
vdvs

�

¼ −
ffiffiffi
2

3

r
ð4πZ2Þ: ð4:6Þ

The axial-vector form factor in the static limit can be
expressed as

gAðPÞB0B ¼hB0jb†q1bq2σzjBi
Z

d3r

�
uq1uq2 −

1

3
vq1vq2

�
: ð4:7Þ

We find

1ffiffiffi
2

p gAðπ
−Þ

Λþ
c Σ0

c
¼ gAðπ

0Þ
Λþ
c Σþ

c
¼ −gAðπ

−Þ
Ξ0þ

c Ξ0
c
¼ −gAðπ

−Þ
Ξþ
c Ξ00

c
¼ −2gAðπ

0Þ
Ξ0þ

c Ξþ
c

¼ 2gAðπ
0Þ

Ξ0
cΞ00

c
¼ 1ffiffiffi

3
p ð4πZ1Þ; ð4:8Þ

with Zi being defined by

Z1 ¼
Z

R

0

r2dr

�
u2u −

1

3
v2u

�
;

Z2 ¼
Z

R

0

r2dr

�
uuus −

1

3
vuvs

�
;

Z3 ¼
Z

R

0

r2drðuuus þ vuvsÞ: ð4:9Þ

Numerically, we obtain

X2 ¼ 1.66 × 10−4 GeV3; Y1 ¼ 8.37 × 10−6 GeV3;

Y2 ¼ 2.11 × 10−4 GeV3; ð4:10Þ

and

4πZ1¼ 0.65; 4πZ2¼ 0.71; 4πZ3¼ 0.985; ð4:11Þ

where we have employed the following bag parameters,

mu ¼ md ¼ 0; ms ¼ 0.279 GeV;

mc ¼ 1.551 GeV; R ¼ 5 GeV−1: ð4:12Þ

As shown in Ref. [1], the matrix element of the four-
quark operator O1 −O2 also can be evaluated in the so-
called diquark model in which the matrix element X
defined in Eq. (2.18) has the expression [8]
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Xdi ¼
2

3mdi
gdugus; ð4:13Þ

wheremdi is the diquark mass taken to be 785 MeVand gqq0
is the diquark decay constant. We shall follow [22] to use

ðc1 − c2Þgdugus ¼ 0.066� 0.013 GeV4; ð4:14Þ

and hence

Xdi ¼
1

c1 − c2
ð5.6� 1.1Þ10−2 GeV3: ð4:15Þ

Unfortunately, the diquark model is not applicable for
estimating the baryon matrix elements of the operator
Õ1 − Õ2 such as Y defined in Eq. (2.18) because the
heavy baryon is a bound state of the heavy quark and the
light diquark in the heavy quark limit [8].
There is an alternative approach for the evaluation of Y.

Voloshin [5,6] has shown that, in the SU(3) limit, this
baryon matrix element can be related to the matrix elements
x and y defined by

x≡ −hΛþ
c jðc̄γμcÞðd̄γμsÞjΞþ

c i;
y≡ −hΛþ

c jðc̄iγμckÞðd̄kγμsiÞjΞþ
c i: ð4:16Þ

These two parameters can be determined from the total
decay width differences, namely, ΓðΞ0

cÞ − ΓðΛþ
c Þ and

ΓðΛþ
c Þ − ΓðΞþ

c Þ. For an updated estimate of x and y, see
[11]. Contrary to B meson and bottom baryon cases where
the heavy quark expansion (HQE) in 1=mb leads to the
lifetime ratios in excellent agreement with the experiment,
HQE in 1=mc does not work well for describing the lifetime
pattern of charmed baryons. Since the charm quark is not
heavy, it is thus natural to consider the effects stemming
from the next-order 1=mc expansion. It has been shown that
1=mc corrections to spectator effects described by dimen-
sion-seven operators are very important for ΓðΛþ

c Þ and
ΓðΞþ

c Þ [23]. In view of the recent new measurements
of charmed baryon lifetimes and a new lifetime hierarchy
τðΞþ

c Þ > τðΩ0
cÞ > τðΛþ

c Þ > τðΞ0
cÞ emerged (for a review,

see Ref. [24]) the relation of x and y with the decay width
differences will be much more subtle than before and has to
be carefully reexamined.
The factorizable amplitudes are governed by the param-

eters a1 and a2 given in Eq. (2.7). In the charmed baryon
sector, ja2j has been determined from the decay Λþ

c → pϕ
to be 0.45� 0.02 [19]. By treating Nc in Eq. (2.7) as an
effective parameter, we have Neff

c ¼ 18.8 for c1 ¼ 1.336
and c2 ¼ −0.621 at the μ ¼ mc scale. Indeed, it is well
known that the large-Nc approach works better in the charm
sector. In bottom baryon decays, ja2j can be extracted from
the branching fraction of Λ0

b → J=ψΛ. However, the
measured BðΛ0

b → J=ψΛÞ depends on the unknown

branching fraction of b → Λ0
b. For our purpose, we shall

take a2 ≈ 0.30 as a benchmark. Then we have Neff
c ≈ 1.88

for c1 ¼ 1.139 and c2 ¼ −0.307 at the scale μ ¼ m̄bðmbÞ.
Finally, the decay rate and up-down spin asymmetry of

Bi → Bf þ P are given by

Γ ¼ pc

8π

�ðmi þmfÞ2 −m2
P

m2
i

jAj2 þ ðmi −mfÞ2 −m2
P

m2
i

jBj2
�
;

α ¼ 2κReðA�BÞ
jAj2 þ κ2jBj2 ; ð4:17Þ

with pc being the c.m. three-momentum in the rest frame of
Bi and κ ¼ pc=ðEf þmfÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðEf −mfÞ=ðEf þmfÞ
p

.
For the heavy baryon lifetimes, we shall use [17,25]

τðΞþ
c Þ¼ ð456�5Þ fs; τðΞ0

cÞ¼ ð152.0�2.0Þ fs;
τðΩ0

cÞ¼ ð274.5�12.4Þ fs;
τðΞ0

bÞ¼ ð1.480�0.030Þ ps; τðΞ−
b Þ¼ ð1.572�0.040Þ ps;

τðΩ−
b Þ¼ ð1.64þ0.18

−0.17Þ ps: ð4:18Þ

V. RESULTS AND DISCUSSION

We first consider the decay Ξ−
b → Λ0

bπ
− and compare our

result with the LHCb measurement. From the calculations

in Sec. IV we have f
Λ0
bΞ

−
b

1 ðm2
πÞ ≅ f

Λ0
bΞ

−
b

1 ð0Þ ¼ 0.985, X ¼
1.67 × 10−2 GeV3 and Y ¼ 5.51 × 10−3 GeV3 in the bag
model. This decay has only the S-wave amplitude and it is
evident from Eq. (2.20) that the interference between
factorizable and W-exchange amplitudes of Ξb → Λbπ is
destructive. The factorizable contribution was often
neglected in the literature (see e.g., Refs. [5,6]) because
it is proportional to the pion’s momentum which is small in
HFC decays. Nevertheless, we will take into account the
factorizable contribution in this work as it is not negligible.
It turns out that the predicted BðΞ−

b → Λ0
bπ

−Þ ¼ 6.6 × 10−4

is too small compared to the experimental range shown in
Eq. (1.2). This implies that the baryon matrix element X
defined in Eq. (1.2) is underestimated in the bag model. In
the diquark model Xdi [see Eq. (4.15)] is larger than the bag
model’s estimate. The branching fraction of Ξ−

b → Λ0
bπ

−

then becomes ð4.7þ2.3
−1.8Þ × 10−3 which is consistent with the

LHCb measurement given in Eq. (1.2). Since the matrix
element Y cannot be calculated in the diquark model,
hereafter we will take the matrix elements in a hybrid
manner: the diquark model for X and the bag model
for Y.
We next consider the S-wave amplitudes of Ξ0

c → Λþ
c π

−

and compare our results with that of Gronau and Rosner

(GR) [10]. Since fΛ
þ
c Ξ0

c
1 ¼ 0.985we see from Eq. (2.19) that

the amplitudes of Afac and Anf
su→ud are of the opposite

sign and the interference between the W-exchange ampli-
tudes induced from cs → dc and su → ud transitions is
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destructive. In Ref. [10], GR denoted Afac þ Anf
su→ud by

As→uūd and made the assumption that

As→uūdðΞ0
c → Λþ

c π
−Þ ¼ AðΞ−

b → Λ0
bπ

−Þ: ð5:1Þ
The S-wave amplitude of Ξ−

b → Λ0
bπ

− was then expressed
in terms of two unknown parameters F and xwhich were in
turn determined from a best fit to the observed nonleptonic
hyperon decays [10]. In our case, we performed a dynamic
calculation of both Afac and Anf

su→ud. The resultant value of
As→uūd is consistent with that of GR (see Table I). It is the
W-exchange term Anf

cs→dc that makes a huge difference. GR
followed the method proposed by Voloshin [5,6] to
calculate the matrix element Y and hence the amplitude
Anf
cs→dc in terms of the matrix elements x and y introduced

in Eq. (4.16). We have already remarked in Sec. IV that the
issue of determining x and y in terms of the decay width
differences should be re-examined in view of important
1=mc corrections to ΓðΛþ

c Þ and ΓðΞþ
c Þ described by

dimension-seven operators in HQE. The estimate of
Anf
cs→dc by GR is shown in Table I. As the relative sign

between AðΞ−
b → Λ0

bπ
−Þ and Anf

cs→dc is not fixed, GR
considered both constructive and destructive interference.
In our dynamic calculation, it is evident from Eq. (2.19)
that the interference is destructive because of the relation
V�
cdVcs ¼ −V�

udVus for CKM matrix elements. In the
case of destructive interference, both this work and GR
have similar branching fractions of order 10−4 from the
S-wave alone,
Although the obtained S-wave is too small to account for

the observed rate for the HFC decay of Ξ0
c, the story on the

PC part is entirely unexpected. Very recently, Niu, Wang,
and Zhao (NWZ) [12], Groote and Körner (GK) [13] have
independently pointed out the importance of the Σc pole in
the consideration of nonspectatorW-exchange contribution
to the P-wave amplitude (see Eq. (3.5). The calculated
S- and P-wave amplitudes and branching fractions are
displayed in Table II. Evidently, Ξc → Λþ

c π decays are
dominated by the PC transition governed mainly by the Σc
intermediate state. Numerically, the P-wave is larger than
the S-wave by two orders of magnitude, in agreement with
NWZ. Although both PC and PV amplitudes of Ξ0

c →
Λþ
c π

− are larger than that of Ξþ
c → Λþ

c π
0, the branching

fraction of the former is smaller than the latter because the
lifetime of Ξþ

c is three times longer than that of Ξ0
c.

Contrary to the charmed baryon sector, HFC decays of
Ξb proceed through the PV transition and the b quark acts
as a spectator.
In Table II we also show the numerical results for the

asymmetry parameter α. It is zero for Ξb → Λbπ due to the
absence of PC amplitudes. Naively, it was argued in
Ref. [12] that α is very small in Ξc → Λcπ because the
magnitude of the P-wave is larger than that of the S-wave
by two orders of magnitude. This is not the case in reality as
the parameter κ introduced in Eq. (4.17) is very small, of
order 10−2, owing to the soft momentum of the pion.
Consequently, we find that α is positive and of order 0.70
and 0.74 for Ξ0

c → Λþ
c π

− and Ξþ
c → Λþ

c π
0, respectively. In

the work of NWZ, S- and P-wave amplitudes are of
opposite sign (see Table VII of Ref. [12]). Hence, a
measurement of the asymmetry parameter will enable to
discern different model predictions.

TABLE I. S-wave amplitudes (in units of 10−7) of Ξ0
c → Λþ

c π
− and the branching fractions calculated in this work

and Ref. [10]. Destructive and constructive interferences between Afac þ Anf
su→ud and Anf

sc→ud amplitudes shown in
the first and second entries, respectively, were both considered in [10], in which the results have been normalized
using the current world averages of charmed baryon lifetimes [see Eq. (4.18)].

Afac þ Anf
su→ud Anf

sc→cd Atot BS-wave

This work 3.27� 0.75a −0.74 2.53� 0.75 ð2.53þ1.74
−1.28 Þ × 10−4

Gronau, Rosner [10] 3.97� 0.59 −1.86� 0.91 2.11� 1.08 ð1.76þ2.26
−1.34 Þ × 10−4

3.97� 0.59 1.86� 0.91 5.83� 1.08 ð1.34� 0.53Þ × 10−3

aExplicitly, Afac ¼ −0.56 and Anf
su→ud ¼ 3.83� 0.75 in unit of 10−7.

TABLE II. The magnitude of S- and P-wave amplitudes (in units of 10−7), branching fractions and decay
asymmetries of the HFC decays of charmed and bottom baryons. Uncertainties arise from the matrix element X
estimated in the diquark model, see Eq. (4.15). Experimental measurements are taken from Refs. [14,15].

Ξ0
c → Λþ

c π
− Ξþ

c → Λþ
c π

0 Ξ−
b → Λ0

bπ
− Ξ0

b → Λ0
bπ

0

A 2.53� 0.75 2.02� 0.53 3.43� 0.76 2.80� 0.53
B 244 181 0 0
α 0.70þ0.13

−0.17 0.74þ0.11
−0.16 0 0

B ð1.76þ0.18
−0.12 Þ × 10−3 ð3.03þ0.29

−0.22 Þ × 10−3 ð4.67þ2.29
−1.83 Þ × 10−3 ð2.87þ1.20

−0.99 Þ × 10−3

Bexpt ð5.5� 1.8Þ × 10−3 … See Eq. (1.2) …
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In Table III we compare our results with other model
calculations for HFC Ξc → Λþ

c π decays. It is clear that all
the previous predictions excluding P-wave contributions
are too small compared to experiment. We have noticed in
passing that the interference between W-exchange ampli-
tudes through cs → dc and su → ud transition should be
destructive. This will render the branching fractions for
Ξc → Λþ

c π even smaller. The observed sizable BðΞ0
c →

Λþ
c π

−Þ strongly indicates the importance of PC amplitudes.
The calculated result for this mode by NWZ is consistent
with the LHCb measurement.2 In our work, the predicted
value of BðΞ0

c → Λþ
c π

−Þ is slightly smaller than experi-
ment. It is not unexpected as we have noticed in passing
that the matrix element X is underestimated in the bag
model. It is most likely that the matrix element Y is also
underestimated in the same model. Obviously, we need to
improve the estimate the matrix elements of the 4-quark
operators ðd̄cÞðs̄sÞ and ðc̄cÞðd̄sÞ. Another source of theo-
retical uncertainty stems from the Wilson coefficients c1

and c2 as the baryon matrix element depends on the Wilson
coefficient difference c1 − c2.
As for HFC decaysΩQ → ΞQπ, the numerical results are

exhibited in Table IV, where uses of Eqs. (2.23) and (3.7) as
well as model calculations of various baryon matrix
elements and axial-vector form factors in Sec. IV have
been made. The decays Ωb → Ξbπ receive only factoriz-
able P-wave contributions, while Ωc → Ξcπ acquire addi-
tional contributions from nonspectator W-exchange for
both PC and PV amplitudes,3 which satisfy the ΔI ¼ 1=2
relation

MðΩ0
c → Ξþ

c π
−Þ ¼ −

ffiffiffi
2

p
MðΩ0

c → Ξ0
cπ

0Þ; ð5:2Þ

for both PC and PV transitions. Since the mass difference
between Ω0

c and the intermediate Ξ00
c pole is 116 MeV, the

P-wave enhancement is not so dramatic as in the case of
Ξc → Λcπ. The predicted branching fraction is of order
5 × 10−4 for Ω0

c → Ξþ
c π

− and 3 × 10−4 for Ω0
c → Ξ0

cπ
0

and smaller for Ωb → Ξbπ. The asymmetry parameter α
vanishes in the decays Ωb → Ξbπ owing to the absence of

TABLE III. Branching fractions (in units of 10−3) of charm-flavor-conserving decays Ξc → Λþ
c π. All the model results have been

normalized using the current world averages of lifetimes for Ξþ
c and Ξ0

c [see Eq. (4.18)]. As for the predictions of [10], the first (second)
entry is for destructive (constructive) interference between Afac þ Anf

su→ud, and Anf
sc→ud amplitudes.

Mode ðCLYÞ2a [1] ðCLYÞ2b [8] Faller [7] Gronau [10] Voloshin [11] Niu [12] This work Experiment [15]

Ξ0
c → Λþ

c π
− 0.39 0.17 <3.9 0.18þ0.23

−0.13 >0.25� 0.15 5.8� 2.1 1.76þ0.18
−0.12 5.5� 0.2� 1.8

1.34� 0.53
Ξþ
c → Λþ

c π
0 0.69 0.11 <6.1 <0.2 … 11.1� 4.0 3.03þ0.29

−0.22 …
2.01� 0.80

TABLE IV. The magnitude of S- and P-wave amplitudes (in units of 10−7), branching fractions and decay asymmetries of the HFC
decays Ω0

c → Ξcπ and Ω−
b → Ξbπ calculated using the bag model.

Ω0
c → Ξþ

c π
− Ω0

c → Ξ0
cπ

0 Ω−
b → Ξ0

bπ
− Ω−

b → Ξ−
bπ

0

A −1.72 1.21 0 0
B 40.12 −32.19 −15.96 −3.48
B 5.1 × 10−4 2.8 × 10−4 6.5 × 10−5 2.8 × 10−6

α −0.98 −0.99 0 0

2Here we make one remark on the work of NWZ [12]. It
appears that factorizable internal W-emission contributions were
not considered by the authors. The color-suppressed process
depicted in Fig. 1(b) of Ref. [12] is not a factorizable diagram. To
have an internal W-emission contribution, the emitted meson
must be formed from u1 and ū4 induced from the s quark decay
and the middle s quark line should be put on top of the q quark
line. Indeed, it is easily seen that Fig. 1(b) is equivalent to
Fig. 2(d); it has the same topology as theW-exchange diagram. It
is known that Ξþ

c → Λþ
c π

0 has a factorizable internalW-emission
contribution, while Ξ0

c → Λþ
c π

− receives an external W-emission
term. In Table VII of Ref. [12], we see that both modes receive
contributions from the “CS” diagram. This also indicates that the
“CS” term is actually not referred to the color-suppressed
factorizable contribution.

3W-exchange contributions to Ωc → Ξcπ were also discussed
recently in Ref. [13]. Apart from the signs which depend on the
convention for wave functions, the obtained relations (see
Table 15 of Ref. [13])

2
ffiffiffi
6

p
aΞ0

cΩ0
c
¼ 2

ffiffiffi
2

p
aΞ00

cΩ0
c
¼ −4

ffiffiffi
3

p
aΛþ

c Ξ0þ
c

¼ −2
ffiffiffi
6

p
aΣ0

cΞ0
c
¼ 12hΛþ

c jHðcÞ
eff jΞþ

c i
among various matrix elements relevant for HFC decays of
charmed baryons agree with our Eqs. (4.1), (4.2), and (4.4)
provided that the bag integral Y1, which is smaller than Y2, is
neglected.
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the S-wave transition. By contrast, it is close to −1 in
Ωc → Ξcπ modes.

VI. CONCLUSION

In this work we have studied HFC hadronic weak decays
of heavy baryons. It was pointed out three decades ago that
if the heavy quark in the HFC process acts as a spectator,
the P-wave amplitude of the B3̄ → B3̄ þ P decay such as
ΞQ → ΛQπ will vanish in the heavy quark limit. Indeed,
this is the case for Ξb → Λbπ decays. For Ξc → Λcπ
decays, they receive additional nonspectator contributions
arising from the W-exchange diagrams through the cs →
dc transition. Our main results are

(i) We have shown explicitly that the factorizable and
nonfactorizable P-wave amplitudes of ΞQ → ΛQπ
vanish because of vanishing B3̄B3̄π strong coupling
and the absence of B3̄ − B6 weak transition in
the limit of heavy quark symmetry, provided that
the heavy quark does not participate in weak
interactions.

(ii) In the presence of the nonspectator W-exchange via
cs → dc, it contributes to the S-wave destructively
to render the PV amplitude even smaller.

(iii) If the baryon matrix elements of four light-quark
operators denoted by X are evaluated in the bag
model, the predicted branching fraction of Ξ−

b →
Λ0
bπ

− will be too small compared to experiment.
Hence, we use the diquark model to estimate the
baryon matrix element X. Nevertheless, we still use
the bag model to evaluate the baryon matrix element
of 4-quark operators involving c and c̄ as the diquark
model is not applicable in this case.

(iv) We have confirmed that the HFC decays Ξc → Λcπ
are dominated by the PC pole terms induced from

the nonspectator W-exchange. The small mass
difference between Ξc and the intermediate Σc pole,
of order 16 MeV, leads to a strong enhancement of
the P-wave pole amplitudes.

(v) Contrary to the HFC decays Ξb → Λcπ, Ωb → Ξbπ
modes receive only factorizable P-wave contribu-
tions. In the charm sector, Ωc → Ξcπ acquire addi-
tional contributions from nonspectator W-exchange
for both PC and PV amplitudes. The P-wave
transition is enhanced by the Ξ0

c pole, though it is
not so dramatic as in the case of Ξc → Λcπ. The
predicted branching fraction is of order 5 × 10−4 for
Ω0

c → Ξþ
c π

− and 3 × 10−4 for Ω0
c → Ξ0

cπ
0.

(vi) The asymmetry parameter α vanishes in the decays
Ξb → Λbπ and Ωb → Ξbπ owing to the absence of
P- and S-wave transitions, respectively. By contrast,
it is close to −1 in Ωc → Ξcπ modes. For decays
Ξ0
c → Λþ

c π
− and Ξþ

c → Λþ
c π

0, the decay asymme-
tries are found to be positive, of order 0.70 and 0.74,
respectively.

(vii) The major theoretical uncertainty arises from the
evaluation of the baryon matrix elements of 4-quark
operators, which needs to be improved in the
future.
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